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INTRODUCTION 
In this paper we report on the development of an eddy-current measurement model, 
which is a generalization of the one reported earlier [1-2]. Our objective is to establish a 
computer model that is capable of simulating eddy current NDE in generic inspection 
geometries. To achieve this goal, we started with an earlier version of the model applicable 
to a flat-plate geometry and a tightly closed crack [3]. The model has been generalized so 
that the current version can handle more general specimen geometries, including curved 
surfaces and comers. Other features of the original model were kept unchanged; for 
instance, it uses the boundary integral equation method, can handle tight cracks, and works 
for an air-core coil driven at arbitrary frequencies. 
When inspecting parts with complex geometry, eddy current probes respond not only 
to defects but also to part geometry itself. Even worse, the geometry signal can be much 
larger than flaw signals in important areas such as edges and comers. As an example, an 
explicit study of the specimen edge effect was reported last year [2]. There, both straight 
edge specimens and bolt hole specimens with fatigue cracks were studied experimentally. 
The modeling approach, on the other hand, was limited to straight comers. Despite this 
limitation, the possibility of understanding both edge and flaw signals was clearly 
demonstrated through a qualitative comparison between theory and experiment. 
The present model can deal with curved surfaces as well as edges, and hence it is now 
possible to validate the model quantitatively via a direct comparison with experiment. The 
result will be given in a later section, following a brief description of new model features, 
and a brief review of the measurements. 
MODEL 
The algorithm used here is a generalization of those described in the earlier reports 
[1-3]. Naturally, they share several common features: (a) they are based on the boundary 
integral equation (BIE) method, and use no particular approximation schemes except for 
the quasi-static approximation which, incidentally, remains good over a wide range of 
regular inspection conditions. Consequently, the model works for arbitrary frequencies, 
and for any material, as long as the material properties are known. (b) The model can deal 
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with tight cracks. To achieve this capability, the potential method was used. In this 
approach, a scalar potential cp is introduced on the face of a tight crack. It can be shown 
that this potential is the fundamental variable in the sense that other important quantities 
can be expressed in terms of cp. For instance, the discontinuous jump of the electric field 
across the crack is a derivative of cp. Also, the probe impedance due to the crack can be 
calculated from a version of the reciprocity relations which contains cp. 
Yet, despite these shared features, there are a few crucial differences which 
distinguish the current version of the model from the earlier ones: (a) the model is now 
designed to work with general 3D part geometry. In particular, it does not rely on 
geometrical symmetries any more, contrary to the earlier flat plate and straight comer 
problems. A technical consequence is that the use of the image-tenn Green's functions 
[1,2] was abandoned. This means' that the normal derivative of the Green's functions 
survives in the BIE, and hence it must be dealt with in the usual way. Also, the model must 
consequently handle larger matrices and thus is less efficient. (b) As discussed in [1], there 
are several mutually equivalent but formally different formulations of Green's formulas in 
electromagnetism. We contend that the most efficient among all is the one that involves 
surface integrals of only tangential components of electric (E(I,) and magnetic (H(t» fields. 
In [I], it was pointed out that this particular choice of Green's formulas leads to the 
emergence of second derivatives of Green's functions. Here, we will present a scheme to 
avoid the resulting strong short-distance singularities by cancellation. First, write down 
two sets of Green's fonnulas with second derivatives, one involving the vacuum Green's 
function Go (= 1I41tr) and the other the metal Green's function G (= exp(ikr )/41tr). Next, 
sum the two sets together with appropriate weights so that the second derivatives are 
combined into the form akal (G - Go), which has only a weak singularity. Then, one fmds 
well-behaved Green's formulas, 
{~} = f dS'[n;,(a/G)Ek - (a,,'G)Ei 
tJ Hi = HiO) + f dS'[n;,{a/(IlP -Go)} Hk - {a,:(llrG -Go)} Hi 
+ Ilr1GOil + :2 a;,a/(G - Go)} EjlkEJ, 
(1) 
(2) 
where the quasi-static approximation is used (i.e., i COE = 0). It is straightforward to derive 
BIEs involving only E(I' and H(t' from Eqs. (1) and (2). It is this kind of BIE that is used in 
the present analysis. Naturally, the BIEs must be solved twice, first without any crack and 
then with a crack. For the crack problem, the new BIE approach is combined with the 
aforementioned potential method in a similar manner as before [1-2]. 
EXPERIMENT 
Next, we will recapitulate several important aspects of the experiment. The specimen 
is an aluminum block (AI 2024) with a 21.3-mm bolt hole, as illustrated in Fig. 1. The 
specinlen contains a fatigue crack at the edge of the bolt hole. The crack has a known 
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bolt hole AI plate 
4.09mm 
Fig. 1. Illustration of the bolt hole specimen. 
length (1.48 mm) and depth (1.96mm), but its exact shape is unknown. The surface of this 
specimen was scanned by a coil probe of known parameters (inner diameter = 1.07 mm, 
outer diameter = 2.62 mm, length = 2.93 mm, and number of tums = 235). The probe was 
operated at a range of frequencies (from 100 kHz to I MHz) and a ftxed lift off (0.66 mm). 
As an example, impedance maps obtained from the 500 kHz scan are reproduced in Fig. 2. 
A more detailed description of the experimental conditions can be found in the earlier 
report [2]. 
RESULT 
The main results of this paper are shown in Figs. 3 and 4 as comparisons between 
theory and experiment. In particular, Fig. 3 shows the real and imaginary parts of the edge 
signals, while Fig. 4 is for the flaw signals. There, the solid lines show the impedance 
predictions and the dotted lines are for measurement data. The pairs of dashed lines in Fig. 
3 indicate the difference between the vacuum and on-metal probe impedances as predicted 
by the analytic solution of Dodd and Deeds [4]. In calculating the flaw signals, a triangular 
crack shape is assumed. The probe frequency is 500 kHz in both Figs. 3 and 4. 
The predicted edge signals in Fig. 3 show the smooth transition behavior around the 
edge while reproducing the Dodd-Deeds results as limiting cases. It should be noted that 
the present model calculation assumes the same idealized probe model as Dodd and Deeds. 
Therefore, the discrepancies observed in Fig. 3 indicate the necessity of more detailed 
probe modeling where, e.g., non-uniformity of the windings will play an important role. 
(A) (B) 
Fig. 2. Examples of impedance measurement data: The maps (A) and (B) correspond to 
the real and imaginary parts of the impedance, obtained from a 2D scan with frequency 
500kHz. 
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Fig. 3. Probe impedance changes due to the bolt hole edge: The solid lines show the 
prediction, the dotted lines are measurement data, and the dashed lines represent the 
impedance jump obtained from the analytical solution. 
In Fig. 4, the predicted crack signals agree with experiment within 10% accuracy. 
This agreement is remarkable, considering the uncertainties about the exact probe 
parameters and the crack shapes. Explaining the remaining discrepancies would require 
more detailed, case-specific studies about the unknown fluctuations of parameters. 
Besides the 20 surface scans as presented here, rotating probes are used frequently in 
bolt hole inspections. The present model can predict signals of this type of inspection. A 
detailed study is planned in the near future, along with similar studies of other generic part 
geometries as discussed in the subsequent section. 
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Fig. 4. Impedance changes due to the fatigue crack at the bolt hole edge: (A) [(B)] 
corresponds to the real [imaginary] part ofthe probe impedance, and the solid [dotted] lines 
show the prediction [measurement]. 
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OTHER GENERIC GEOMETRIES 
Although this model development was started originally to study bolt hole inspection, 
the resulting model is equally applicable to other generic inspection geometries. For 
instance, the inspection of chamfered bolt holes, rods, and heat exchanger tubing are 
currently under investigation as immediate applications. In fact, the model can be 
generalized to specimens of arbitrary shape by combining the code with appropriate 
software tools that provide extra geometric capabilities such as mesh generations and 
probe-path determinations. Another area of application under consideration is probe 
designs where a general-shape ferrite core may be included. 
CONCLUSION 
A computer model for simulating EC inspections has been developed. The model 
predicts not only defect signals (due to tight cracks) but also impedance changes caused by 
non-trivial part geometries. The model yields accurate predictions to the extent that probe 
and crack parameters are known. The stated accuracy is actually demonstrated in 
simulated bolt hole inspections through comparisons between theory and experiment (Figs. 
3 and 4). 
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